Forest Stewardship Council (FSC) is one of the leading forest certification schemes. While many studies concern political aspects and social outcomes of FSC, little is known about the contribution of certification to biodiversity conservation. In Europe, the Russian Federation and Sweden have the largest areas of FSC certified forest. We assessed the potential of FSC certification for boreal biodiversity conservation in terms of standard content, and outcomes as habitat area set aside and habitat network functionality. First, we compared the biodiversity conservation indicators at different spatial scales in Swedish and Russian FSC standards. Second, focusing on one large state forest management unit in each country, we compared the areas of formally and voluntarily set aside forests for biodiversity conservation. Third, we evaluated the structural habitat connectivity by applying morphological spatial pattern analysis, and potential functional connectivity by using habitat suitability index modelling for virtual species. The Russian standard included indicators for all spatial scales of biodiversity conservation, from tree and stand to landscape and ecoregions. The Swedish standard focused mainly on stand and tree scales. The area of voluntary set-asides for FSC was similar in Sweden and Russia, while formal protection in the Russian case study was three times higher than in the Swedish one. Swedish set-aside core areas were two orders of magnitude smaller, had much lower structural and potential functional connectivity and were located in a fragmented forestland holding. We conclude that to understand the potential of FSC certification for biodiversity conservation both the standard content, and its implementation on the ground, need to be assessed. We discuss the potential of FSC certification for biodiversity conservation with different levels of ambition. We stress the need for developing rapid assessment tools to evaluate outcomes of FSC for biodiversity conservation on the ground, which could be used by forest managers and FSC-auditors toward adaptive governance and management.
Introduction
Almost half of the Earth's original forest cover is gone due to human activity, and much of it has been destroyed within the past three decades, leaving a forest cover of approximately 30% of the planet's total land surface (Anon., 1997) . Only 20% of the world's original forests remain in large intact near-natural forest landscapes, located mainly in tropical, subtropical and boreal forest biomes (Potapov et al., 2008) . Three countries -Canada, Russia and Brazil -contain 64% of the total intact forest landscapes (Potapov et al., 2008) . Accelerated forest loss has led to serious consequences for biodiversity conservation (e.g., McNeely, 1994) , as critical thresholds for habitat loss are passed (e.g., Angelstam et al., 2004c; Villard and Jonsson, 2009) . It is thus urgent to prevent populations and ecosystems from tipping into undesired states, negatively affecting our ability to conserve forest ecosystem functions and services (Folke et al., 2004; Hansen et al., 2010; Rockström et al., 2009 ).
In the mid 1990s different forest certification schemes appeared in order to promote implementation of responsible forest management in both developed and developing countries as an answer to a gradual societal response to unsustainable use of forests. A hybrid set of actors including environmental nongovernmental organisations, publishing companies and critical citizens were the major drivers for the development of forest certification (Cashore et al., 2003 (Cashore et al., , 2005 Gulbrandsen, 2005; Guynn et al., 2004; Hysing and Olsson, 2005) .
The Forest Stewardship Council (FSC) is one of the most commonly adopted forest certification schemes, which aims to encourage responsible forest management at different levels from local to global (Auld et al., 2008; Cashore et al., 2003 Cashore et al., , 2005 Gulbrandsen, 2005; Gullison, 2003) . The vision of the FSC is that "the world's forests meet the social, ecological and economic rights and needs of the present generations without compromising it for future generations" (http://www.fsc.org/vision_mission.html). This certification system was developed to "promote environmentally appropriate, socially beneficial, and economically viable management of world's forests" (www.fscoax.org/principal.htm). A global generic standard has been developed to define what well-managed forests are, which includes 10 principles and 56 criteria (www.fsc.org/certification.html). Additionally, nationally and locally developed standards are approved by the FSC if they conform to the scheme's global principles, criteria, and decision-making rules (www.fsc.org; Auld et al., 2008) . In 1998 the first national FSC standard was endorsed in Sweden (Auld et al., 2008; Gulbrandsen, 2005) . Globally, more than 135 million ha of forest are currently certified according to the FSC generic and different national standards, distributed in over 81 countries (www.fsc.org/facts-figures.html).
In this paper we focus on the FSC-certified forests in the boreal biome (Ahti et al. 1968 ) on the European continent. Being relatively remote from centres of economic development, the boreal forest is the least affected by exploitation and use among the European forest biomes (Hannah et al., 1995) . Thus, there is still an opportunity to conserve higher levels of biodiversity conservation, including ecological integrity and resilience (Angelstam et al., 2004c) , than in temperate forests. During the last years, the protection of boreal forests for mitigation and adaptation to climate change has also been highlighted (Carlson et al., 2009; Dise, 2009) .
The FSC scheme is the only international certification system with wide geographical coverage in managed boreal forests in Europe. The vast majority of the FSC certified forests in Europe, i.e. including NW Russia, are located in the boreal ecoregion. Many studies have addressed the political and social outcomes of FSC (e.g., Bass et al., 2001; Cashore et al., 2003 Cashore et al., , 2005 Auld et al., 2008) . However, little is known about the contribution of forest certification to biodiversity conservation on the ground (Gulbrandsen, 2005; Rametsteiner and Simula, 2003) . Some consider forest certification to be an effective tool for biodiversity conservation in managed forests. For example, according to Gullison (2003) , forest certification delivers biodiversity conservation benefits at least in three ways: (1) by improving the ecological value of certified forests for biodiversity, (2) by preventing conversion of forested land into agricultural land, and (3) by reducing logging pressure on high conservation value forests. At the same time, there is pessimism and critique concerning the role of forest certification for biodiversity conservation. This pessimism is based mainly on the perception and arguments among some actors who consider the concept of biodiversity as abstract, ambiguous and difficult to measure (e.g., Rametsteiner and Simula, 2003) . Others have criticized the poor representation of biodiversity conservation principles in forest certification schemes (e.g., Bennett, 2000; Ghazoul, 2000) . Successful conservation of biodiversity involves species, their habitat and the ecosystem processes that maintain them, i.e. about ecosystems' composition, structure and function (Noss, 1990) . The amount and spatial configuration of habitat are the two key aspects affecting species and processes, and also properties that are directly affected by forest management. Thus assessment of biodiversity should include these two aspects. Generally, habitat loss is more important than the spatial arrangement of habitat (Fahrig, 1999) .
Sweden and the Russian Federation have the largest areas of FSC-certified forest in Europe (Sweden with 11 million ha, and the Russian Federation with 22.9 million ha and a half of that in the European part) (www.fsc.org/facts-figures.html). Both countries also have clear national level policy ambitions to conserve biodiversity. The Swedish national forest and environmental policy objectives include maintenance of biodiversity as a sustained production capacity and conservation of viable population of naturally occurring species is emphasized (Swedish Forestry Act, 1993; Boström, 2002; Eriksson and Hammer, 2006; Angelstam et al., in press ). The Russian Federation has signed many international conventions and developed a national strategy for biodiversity conservation (Anon., 2001 ).
The aim of this paper is to analyse the potential of FSC certification for boreal biodiversity conservation in terms of standard content, and outcomes on the ground in terms of setting aside forest stands. How do the national FSC standards in Sweden and the Russian Federation contribute to the national ambitions in biodiversity conservation through protection, maintenance and restoration of stands in managed forests? Is voluntary protection through FSC in combination with formal protection sufficient to conserve forest biodiversity, and with what level of ambition? To answer these questions we used large forest management units in Sweden and the Russian Federation, respectively, with similar biophysical conditions, but different forestindustrial regimes (sensu Lehtinen et al. 2004 ) as case study areas. We first analyse and compare the biodiversity conservation requirements at different spatial scales in national FSC standards in Sweden and the Russian Federation. Second, focusing on one large state forest management unit in each country, we compare the contribution of forests formally and voluntarily set aside to biodiversity conservation. Third, we evaluate the structural habitat connectivity by applying morphological spatial pattern analysis (Vogt et al., 2007a) , and potential functional habitat connectivity by habitat suitability index modelling (Angelstam et al., 2004b; Store and Jokimäki, 2003) for virtual species (Mikusinski and Edenius, 2006) . Finally, we discuss the potential of FSC certification for biodiversity conservation with different levels of ambition in Europe's managed boreal forests. We stress the need to develop a rapid assessment tool for evaluation of outcomes of FSC certification for biodiversity conservation on the ground which could be used by forest managers and FSC-auditors for adaptive management.
Methodology

Study areas
To select case studies for our analyses we defined four criteria to be satisfied, viz. similar size of the forest holding, type of the forest ecosystems and forestland ownership, and clear ambitions of forest stakeholders towards SFM implementation on the ground. The Bergslagen forest management district of Sveaskog Co. (59ºN, 16ºE) (hereafter Bergslagen) in Sweden and the Priluzje state forest management unit (60ºN, 49º E) (hereafter Priluzje) in the Russian Federation's Komi Republic were chosen as study areas (Figure 1 ).
Bergslagen encompasses a total area of 563,629 ha of forest land ownership, including water and mires. It is one of the five forest management units of Sveaskog Co., which manages the productive state forests in Sweden. The forested area of the holding is fragmented by land holdings of various forest owner categories and by transport infrastructure, and consists of many forest areas of different sizes dispersed over an area exceeding 4,000,000 ha within 9 counties in south-central Sweden. Bergslagen is located in the south and middle boreal ecoregions (Ahti et al., 1998) . The main forest tree species are Norway spruce (Picea abies) and Scots pine (Pinus sylvestris). Forests with domination of birches (Betula spp.) and aspen (Populus tremula) occupy less then 8% of the total forested land of Sveaskog Co. A long history of sustained yield forest management (Ek, 1995) in the area has resulted in a loss of compositional, structural and functional elements of biodiversity found in naturally dynamic landscapes, and in the absence of any large intact forest areas. There are attempts to increase the proportion of deciduous trees to promote biological diversity and to provide the industry with hard wood timber (http://www.sveaskog.se/en/Forestry-and-Environment/Natureconservation). The environmental policy of Sveaskog Co. from 2003 states that 20% of productive forest land at tree, stand and landscape in each ecoregion should be used to promote environmental consideration and nature conservation (www.sveaskog.se/en/Forestry-and-Environment/Nature-conservation). Implementation takes place by setting aside (i) single trees and small group trees; (ii) stands, and (iii) landscapes in the so-called Ekoparks (Angelstam and Bergman, 2004) ; as well as (iv) by forming new protected areas. Sveaskog Co.'s forest management was certified against FSC in 1998.
Priluzje is located in the south and middle boreal ecoregions of the south-western part of the Komi Republic in the Russian Federation's NW. The area of Priluzje is 810,252 ha, and it forms one contiguous block of forested land. Similarly to the situation in Bergslagen, the main tree species are Norway spruce and Scots pine. In contrast to Bergslagen, forests dominated of birch and aspen occupy almost 40% of the total forested land as a consequence of previous large-scale disturbances, by fire and logging, and due to absence of forest management. Priluzje still hosts pristine forests with natural dynamics and, consequently, near-natural composition, structure and functions. The forests classified as pristine in Priluzje occupy almost 12% of the total forested area (Anon., 2008a) . Priluzje was the geographical area for development of the Komi Model Forest (MF) aimed at implementing SFM on the ground Elbakidze et al., 2010) . One of the main outcomes of the Komi MF activities was the inventory and ecological evaluation of pristine forests in Priluzje, which was used in a decision-making process as to its conservation (Anon., 2005) . In 2003 the forest management conducted by the forest administration in Priluzje became FSC-certified.
Both of the studied forest management units (Bergslagen and Priluzje) are in the process of certifying their forest management according to the requirements of new national FSC standards. In Russian the national FSC standard was approved in 2008 and in Sweden in 2010.
Analysis of the FSC standard related to biodiversity
Following Noss (1990) and Larsson et al. (2001) , biodiversity can be defined as the composition, structure and function of an ecosystem. Successful maintenance of biodiversity thus means that all naturally occurring species exist with viable populations and are found in representative and functional (stable or dynamic) habitat networks maintained by resilient ecosystem processes at multiple spatial and temporal scales (Angelstam et al., 2004a) . The extent to which biodiversity is maintained is therefore a matter of levels of ambition. There are, at least, four levels of ambitions for biodiversity conservation: (1) species may be present, but not in viable populations; (2) viable populations may be present, but only those that are not strictly dependent on natural forest structures or without large area requirements; (3) communities of all naturally occurring species of the representative ecosystems of an eco-region are present, but large scale natural disturbances and global change can threaten their ecological integrity, and (4) resilient forest ecosystems with a whole range of natural dynamic processes.
The level of ambition for biodiversity conservation correlates to a high extent to the spatial scale of forest management for biodiversity conservation under consideration. There are at least four relevant spatial scales:
(1) The scale of "trees in a stand" including individual trees and groups of trees within a forest stand (Eriksson and Hammer, 2006) . On this spatial scale presence of species with small habitat requirement could be maintained (the first level of ambition).
(2) "Stands in a landscape" correspond to the scale of a delimited area of similar tree species composition, age structure, diameter and height (Eriksson and Hammer, 2006) . This scale matches the maintenance of species with small area requirements, such as vascular plants, but not viable populations of fungi and lichens in the long term (the second level of ambition). (3) "Landscape scale" which is a large enough spatial extent to accommodate the needs of species with relatively large area requirements and habitat patch dynamics for species that track certain succession stages. According to Angelstam et al. (2004b) , Brown et al. (2001) , and Poiani et al. (2000) functional landscapes that encompass viable populations of most species native to a region can be recognized on a scale of tens of thousands to millions of hectares (the third level of ambition). (4) Finally, "ecoregions" on the global level encompass the spatial scale which allows maintenance of ecosystem composition, structures, and functions linked to natural processes (Cabarle et al., 2000) (the fourth level of ambition).
To define the extent to which current criteria and indicators (C&I) in the Swedish and Russian FSC standards (Anon., 2008b; Anon., 2009 ) capture these four spatial scales of biodiversity conservation, and thus implicitly the four spatial scales and linked levels of biodiversity conservation ambition, we analysed C&I related to (1) direct actions (e.g., protection of certain species and its habitats), (2) indirect actions (e.g., emulation of natural disturbance processes in the forest management, and application of special silvicultural operations to maintain the ecological values of forest ecosystems).
Material and data for analyses of outcomes
To obtain data about the age and tree species composition of the forest set aside for biodiversity conservation in Bergslagen and Priluzje we used the GIS-databases of the forest companies managing the two study areas. In Bergslagen, the last forest inventory was done in 1990, and since then it has been yearly updated taking into account the forest management activities undertaken. In Priluzje, the latest forest inventory was done in 1992 and it was updated in 2002. Overall, we used the records of age and tree species composition for almost 23,000 forest stand polygons in Bergslagen and 15,000 in Priluzje.
Assessment of FSC outcomes for biodiversity conservation on the ground
Area proportion of set-aside forests
In our study areas forests have been formally and voluntarily set aside for biodiversity conservation. The formal forest conservation is conducted by protecting different kinds of conservation areas according to the national legislation, and following the first principle of the FSC standard, which requires compliance with national law. The voluntary set-aside forests follow the FSC requirements and a particular company's policy framework.
To estimate the area proportion of all biodiversity conservation areas, we selected all formally and voluntary set-asides from the GIS databases for Bergslagen and Priluzje. Furthermore, taking into account that in our two study areas the forest management is in the process of becoming certified according to the revised national FSC standards, we conducted interviews with the representatives of forest management administrations to clarify what additional forest areas would be set aside to satisfy the new FSC requirements. The forest polygons which were pointed out by the forest management units as set-asides were also included into the analyses. It should be noted that we did not include in the analyses of single trees and small groups of trees set aside according to FSC requirements because these data could not be extracted from the forest inventory databases, and forest managers do not map these in a spatially explicit way.
Assessment of structural habitat connectivity
In addition to the area amount set aside for biodiversity conservation, the spatial configuration of forest patches is important to satisfy demands of species. Maintaining connectivity is thus an essential goal in biodiversity conservation (Fahrig, 2002) . Following by Taylor et al. (1993 Taylor et al. ( , 2006 and With et al. (1997) , there are two kinds of habitat connectivity: structural and functional. Structural connectivity describes physical relations among habitat patches and does not necessarily provide potential functional connectivity if corridors are not used by target species (Taylor et al., 2006) . Potential functional connectivity is species-oriented and increases when a certain change in the landscape structure enhances the degree of movement or flows of organisms through the landscape (Taylor et al., 2006) .
To assess structural habitat connectivity created by the forest stands formally and voluntarily set aside for biodiversity conservation in our two study areas, we used the Morphological Spatial Pattern Analysis (MSPA) (Ostapowicz et al., 2008; Soille and Vogt, 2009; Vogt et al., 2007a Vogt et al., , 2007b Vogt et al., , 2009 ). The MSPA has been used to quantify the structural (Ostapowicz et al., 2008; Vogt et al., 2007a, b, c; Wickham et al., 2010) and functional ) connectivity, and landscape fragmentation (Ostapowicz et al., 2008) . It describes the geometric arrangements and connectedness of map elements and allocates each foreground pixel with set-aside forests to one of several mutually exclusive thematic pattern classes (Ostapowicz et al., 2008) . Following Soille and Vogt (2009) , we considered all seven classes of forest pattern: core, islet, edge, perforation, loop, bridge and branch (Table 1) .
The formal and voluntary forest stands set aside in our study areas were merged to create the focal forest polygons for assessment of structural habitat connectivity for different forest types. All focal forest polygons were therefore classified according to age and tree species composition (Table 2 ). According to the MSPA method, connectivity could be set for four or eight neighbouring pixels. We used eight-neighbour connectivity in the data processing routine. According to Ostapowicz et al. (2008) and Soille and Vogt (2009) , the MSPA classes on output maps depend on the spatial scale as defined by the pixel size of raster input data and the size parameter used in the morphological model. From a biological perspective, studies show that forest edges affect the environment in forest patches (e.g., Laurance and Yensen, 1991) . We used the results of studies presented in Aune et.al (2005) , Esseen and Renhorn (1998) , Moen and Jonsson (2003) , indicating that in boreal forests edge effects vary among species groups, although they generally extend to at least 25 m into the forest, and probably greater than 50 m for some groups (Aune et al., 2005) . In view of this, the vector forests maps derived from the Geographic Information System (GIS) analysis of the forest management unit data were converted into raster maps with 25-m pixels. The raster forest maps were re-classified into binary forest input maps that were composed of the foreground (forests set aside for biodiversity conservation) and the complementary background (other forests and non-forest areas). Finally, in the MSPA processing we quantify connectivity in our study areas twice using an edge width of 25 and 50 m, that is 1 or 2 pixels respectively.
Assessment of potential functional habitat connectivity
To assess the potential functional connectivity of set-aside forests in our study areas, we applied habitat suitability index modelling (e.g., Store and Jokimäki, 2003) using habitat variables and parameter values that represented focal species listed in the EU birds directive (EU 79/409/EES) or in boreal forest conservation planning (Angelstam et al., 2004a (Angelstam et al., , 2004b Mikusinski and Edenius, 2006) . The focal species approach (Lambeck, 1997 ) is based on the idea that conservation of specialised and area-demanding species can contribute to the protection of many other naturally co-occurring species (Angelstam et al., 2003; Hess and King, 2002; Roberge and Angelstam, 2004) . However, rather than focusing on given species, the habitat requirement of which may not be the same in Bergslagen and Priluzje, we employed an approach based on virtual (i.e. fictive) species (Hirzel et al., 2001; Mikusinski and Edenius, 2006) . The potential functional connectivity of forests was estimated from the perspective of old-forest specialists with different ecological characteristics.
The creation of habitat suitability index models involved several steps. First, pixels of all forest pattern classes, which were created by the forests set aside for biodiversity conservation, were selected using output MSPA maps. Then habitat suitability index maps were elaborated for a suite of virtual species with patch size requirements of 1, 10, 100 and 1000 ha (c.f. Mikusinski and Edenius, 2006; Minor and Lookingbill, 2010) . Finally, the nearest neighbourhood analyses (e.g., Manton et al., 2005) were performed for a local landscape habitat threshold of 20% based on the experience from modelling (Andrén, 1997; Fahrig, 2002; With and King, 1999) and empirical studies (e.g., Angelstam et al., 2004c) , corresponding to local neighbourhoods of 5, 50, 500 and 5000 ha, respectively. This provided an assessment of the potential functional connectivity of habitat tracts at the landscape scale that represents a range of relevant boreal forest focal species. This suite of analyses was implemented both for (a) what is old forest today (i.e. older than 110 years; Table 2 ), and (b) what will be old forest in the future, assuming that set-asides will neither be harvested nor subject to stand-replacing disturbance.
Results
Requirements for biodiversity conservation
The FSC's basic interim 10 Principles and Criteria for responsible forest management are the core of the national FSC certification standards in both Sweden and Russia. We extracted from the Swedish and Russian National FSC standards all indicators related to biodiversity conservation (for example, indicator 6.3.18 "Managers shall retain and safeguard, as part of all forestry measures, all trees with high biodiversity value" in the Swedish FSC standard) (Anon., 2009 ). In the Swedish FSC standard biodiversity considerations were included into 55 indicators and in the Russian FSC into 48 indicators.
Multiple indicators considered different aspects of biodiversity conservation. Both the Swedish and Russian FSC standards required the following actions for biodiversity conservation: (1) to retain relevant biodiversity value trees or groups of trees; (2) to protect species (rare, threatened, and endangered ones of plants, fungi, and animals red-listed as well as species vulnerable and sensitive to disturbances occurring within the forest area being certified) and (3) their habitats, (4) to mimic natural dynamics of a particular forest; (5) to protect sites of special social and ecological importance. In the Swedish FSC standard, special emphasis was put on the protection of wetland and aquatic habitats; and in the Russian standard attention was also paid to the protection of game species.
However, there were also nationally specific requirements in both standards. In the Swedish standard, there were indicators which required (1) exempting a minimum of 5% of the productive forest land area to maintain or promote biodiversity conditioned by natural processes or traditional land use practices; (2) increasing the role of broad-leaf trees which should constitute a minimum average of 10% of the stand volume; (3) maintaining the biological diversity of uncultivated meadows and pastureland where the species composition is still conditioned by former traditional management practices; and (4) protection of key woodland and forest habitats (Anon., 2009 ).
In the Russian FSC standard, there were indicators concerning (1) protection of large forest landscapes minimally disturbed by human activities; (2) protection of representative samples of existing forest ecosystems and rare and threatened types of ecosystems and landscapes; (3) monitoring the population dynamics of umbrella and keystone species, and (4) performing gap analysis to assess the extent to which the existing protected sites network provides conservation of regionally and locally rare and threatened types of ecosystems and landscapes (Anon., 2008b) .
The indicators in both standards were thus relevant to biodiversity conservation at different spatial scales (Table 3) . Some indicators referred to only one spatial scale, while others corresponded to several spatial scales. Our analysis showed that in the Swedish standard three spatial scales for biodiversity conservation were considered, with the majority of indicators being relevant to the finer scales of trees in a stand and stands in a landscape. In the Russian standard, four spatial scales were reflected, and the majority of indicators corresponded to the scales of stands in a landscape and landscapes in an ecoregion (Figure 2) . Thus, both standards required set-aside of stands in a forest management unit, which implicates the need to assess outcomes both in terms of area proportions set aside as well as structural and potential functional connectivity.
Assessment of FSC outcomes for biodiversity conservation on the ground
Area proportion of set-aside forests
In Bergslagen, the formally set-aside forests included nature reserves created for the purpose of conserving biological diversity and valuable natural environments, or satisfying the need of areas for outdoor recreation, as well as nature of national interest with high natural or cultural value, which must be protected from actions that may significantly damage the natural environment (Boström, 2002; Naturvårdverket and Skogsstyrelsen, 2005, 2010) . The total area of formally set-aside forest stands of all kinds occupied 3.3% of the total forested area in Bergslagen (Table 4 ).
There were also several types of forest stands set-aside on a voluntary basis according to the system of forest management classes required in the so-called green forest management plans (e.g., SOU 1997; LRF 1999), and applied by Sveaskog Co. These included: (a) forests to be left untouched in order to protect their high natural values (class NO); (b) forests to be managed in such a way so as to maintain high natural values (class NS), and (c) forests to combine wood production with the set-aside of trees and small patches of some natural or cultural value (class PF). The voluntary set-aside forests in Bergslagen covered 8.8 % of the total forested area (Table 4) .
In Priluzje, formally set aside forests fell into the following categories: (a) forests with water protective functions along rivers and streams (from 50 m up to 200 m on both sides), and along large rivers (from 1000 up to 3000 m); (b) forests along roads (up to 250 m on both sides along main public roads); (c) forests along fish spawning areas (up to 500 m); and (d) special protected areas (e.g., nature reserves of regional and local importance). The formally set aside forests amounted to 11.5 % of the total forest area in Priluzje (Table 4 ).
The voluntary set-aside forests in the Russian case study were done according to the requirements of the Russian national FSC standard. These were pristine forest, defined as forest in its natural state, which had not been affected by any significant industrial and human influence, and thus developing according only to natural processes (e.g., Yaroshenko et al., 2001) . In conformity with the Russian standard, this type is termed high conservation value forests (HCVF) group 2 (Anon., 2008b). There were also forests with high social and cultural values for local people, excluded from commercial use (HCVF groups 5 and 6) (Anon., 2008b) . Together these forest categories occupied 10.4 % of total area of forested land (Table 4) .
Structural habitat connectivity
In Bergslagen, core and edge were the two dominant classes in the forest pattern when the edge width was defined as 25 m. Taken together, these two classes occupied 70% of forested area set aside for biodiversity conservation. Branch and islet classes were also well represented (14 and 12% of forested area, respectively) ( Table 5 ). When the edge width was increased to 50 m, the forest pattern became very different. The core area decreased almost to a third (from 36 to 13%), while islet increased almost four times and became the single dominant pattern class (Table 5 ).
In Priluzje, the pattern of set-aside forest was very different from that in Bergslagen. With an edge width of 25 m, core was the only dominant class, occupying 70% of the total area of forest set aside for biodiversity conservation. The total area of two classes in Priluzje (core and edge) was equal to the sum of areas of four classes (core, edge, branch and islet) in Bergslagen. This shows that in Bergslagen the forests set aside for biodiversity were more fragmented than in Priluzje. With an edge width of 50 m, the forest pattern changed. The core areas decreased to 47%, and the area of branch and edge increased. However, these changes in proportion of forest classes due to different edge widths were much less pronounced in Priluzje than in Bergslagen.
In Bergslagen, pine, spruce and deciduous-coniferous forests occupied 84% of the total forested area set aside for biodiversity. Therefore, the majority of the forest pattern classes (core, edge, bridge and branch) were associated with these forest types, and mostly with pine forests. The coniferous-deciduous and deciduous forests occupied only 8.2% and 7.6% of the total area of set-aside forests, and the main pattern classes created by these forests were edges and branches (Table 5 ). In Priluzje, the deciduous and coniferousdeciduous forests were the dominant forest types set aside for biodiversity, and occupied 61% of the total area of formally and voluntary set-aside forests (Table 6 ). More than a half of the core areas were represented by deciduous and coniferous-deciduous and deciduous-coniferous forests. The edge was the second most common pattern class, represented mainly by deciduous, coniferous-deciduous and deciduousconiferous forests and also by spruce forests.
The majority of cores in Bergslagen (almost 70% of the total number) were less than 1 ha large, and almost half of the total core area was located in a fairly low number of larger cores (with edge of 25 and 50 m) (Figure 3 a, b) . In Priluzje the majority of cores ranged from 0.1 to 10 ha, however, more than 90% of the total core area were more than 1,000 ha (Figure 3 a, b) . The cores of over-mature and old forests were distributed on all forest types; however, the area proportions were different (Figure 4 a, b) .
Potential functional habitat connectivity
In both study areas over-mature and old forests were highly functionally connected for virtual species with small habitat requirements (1 ha). However, at other spatial scales the potential functional connectivity of these forests in Bergslagen and Priluzje was clearly different. For virtual species with area requirements of 10 ha the functionality in Bergslagen was low with the highest connectivity for deciduous-coniferous (around 40% of over-mature and old set aside forests) and the lowest connectivity for coniferous-deciduous old forests (less than 20%). In Priluzje, almost 100% of deciduous forests and 80% of spruce and deciduousconiferous over-mature and old forests were functionally connected for virtual species with 1 to 10 ha of habitat areas requirements ( Figure 5 ).
In Bergslagen, over-mature and old forests were not functional for species with area requirements more than 100 ha. In Priluzje, the functionality of deciduous forests was high (almost 70%) and medium (around 50%) for species with habitats of 100 and 1,000 ha, respectively. For over-mature and old spruce and deciduousconiferous forests potential functional connectivity was low for the species with habitats of 100 ha. The functionality of over-mature and old spruce, pine, deciduous-coniferous and coniferous-deciduous forests was very limited or absent for species with area requirements of 1,000 ha ( Figure 5 ).
If we assume that all forests set-aside for biodiversity in the study areas would be allowed to become old in the future, the analysis of potential functional connectivity showed that in Bergslagen (with 12.4% of forests set-aside in the management area) the potential functional connectivity will remain the same for the species with habitats of 1 ha; will become better for the species with habitat of 10 ha specialising on old pine (up to 30%), deciduous and coniferous-deciduous (up to 20%) forests; and remain the same in deciduousconiferous and spruce forests. However, for species with habitats of 1,000 ha there will be no functional habitats. In Priluzje (with 21.9% of forests set aside), the potential functional connectivity of forests for the species specialising on biologically old forests with habitat requirements of 10 ha will remain high in all forest types, while for virtual species requiring habitat patch sizes of 100 ha will increase in pine and deciduous-coniferous (up to 20%) forests, remain the same in spruce, coniferous-deciduous and deciduous forests. The functionality of forests for species with habitat area size requirements of 1,000 ha will remain extremely limited (Figure 6 ).
Discussion
FSC contribution to biodiversity conservation
Our analysis of the indicators in the two national FSC standards shows that the requirements in the Russian standard clearly imply higher levels of ambitions related to biodiversity conservation than the Swedish standard. The indicators in the Russian standard correspond to the maintenance of communities of naturally occurring species, and to some extent ecological integrity and resilience of the representative ecosystems of an ecoregion. By contrast, the indicators of the Swedish FSC standard were focused at maintaining species not specialising on natural forest structures or with small area requirements. Thus, the same FSC label does not mean the same for biodiversity conservation in the managed forests in Sweden and Russia. Harmonization of indicators related to biodiversity conservation in national FSC standards is thus needed (Anon., 1996) .
As to the outcomes of FSC implementation on the ground, our study shows that the implementation of national legislation for biodiversity conservation in managed forests plays a significant role as it determines the base level of forest protection for biodiversity conservation. For example, in our two case study areas the total area proportion of formally set-aside forest stands was almost three times larger in Priluzje than in Bergslagen. At the same time, the areas of voluntarily set-aside forests were similar in Bergslagen and Priluzje. However, it should be noted that the figure in Bergslagen is due to the environmental policy of Sveaskog Co., which goes beyond the 5% of requirement of the Swedish FSC standard. Based on our results of structural habitat connectivity, and using the results of many studies concerning the requirements of different species (Angelstam et al., 2004b; Belovsky, 1987; Biedemann, 2003; Edenius and Sjöberg, 1997; Jansson and Andren, 2003; Jansson and Angelstam, 1999; Linnell et al., 2005; Meffe and Carroll, 1994; Menges, 1991; McNab, 1963; Roberge and Angelstam, 2004) , we conclude that the core patch size distribution was satisfactory in the Swedish case study for protection of plants, fungi and lichens, but not for area-demanding birds and mammals. By contrast, the majority of core areas in the Russian case study had the potential to host individuals of all the most area-demanding focal species. Additionally, the bridges and branches as narrow features in the forest pattern were more common habitat elements in Bergslagen, than in Priluzje. This indicates that the forest pattern may be more vulnerable to future edge effects, fragmentation and conversions to small isolated patches in Bergslagen than in Priluzje, which was dominated by large cores.
The set-aside forests were much better functionally connected in Priluzje than in Bergslagen. For species specialised on old forests the potential potential functional connectivity of forests in Bergslagen was currently very limited or absent today. The situation will remain unchanged in the future if it is assumed that setaside forests would not be harvested and allowed to develop old forest characteristics. The set-aside forests were only well functionally connected for virtual species with habitat requirements of 1 ha. By contrast, in Priluzje the set-aside forests were functionally connected for virtual species with habitat requirements from 1 to 100 ha.
We used the virtual species approach to assess the potential functional connectivity of forest set-aside in our study areas. The different patch size and patch density parameter values can be translated to real species. The reason for this is that size of landscapes from the point of view of particular species or group of species (sensu Wiens and Milne, 1989) are dependent on their life-history traits. The lichen Lobaria pulmonaria, the white-backed woodpecker Dendrocopus leucotos and the reindeer Rangifer tarandus are three examples of focal species with different area requirements. Lobaria pulmonaria is found in deciduous-coniferous forest containing deciduous trees with a high pH on the bark and a light and moist microclimate (Öckinger and Nilsson, 2010) . Assuming a 100-m buffer of old forest to allow for blow-down of trees at the edge, and the maintenance of a moist local climate in a 1-ha area including 500 trees, corresponds to a stand size of ca. 5 ha. Assuming that such stands cover 2% of the landscape as Swedish key biotopes do (e.g., Hansson, 2001) , and that the suitable window in time in the succession is 20% of the rotation of 100 yr, the area needed for a population is ((5/ 0.02)/0.2) = 12.5 km 2 . For the white-backed woodpecker Angelstam et al. (2004) estimated the area for a population of 100 units to 5000 km 2 . In Sweden wild reindeer are extinct, and Finland reindeer it is threatened (Kojola et al 2009). Large intact forest areas are needed to maintain this species including its interactions with large carnivores (Schneider et al. 2010) . These estimates illustrate that the area to be considered for the maintenance of populations of these real species differ by two orders of magnitude between the lichen and the woodpecker, and by four orders of magnitude between the lichen and the mammal.
The spatial modelling approaches applied in this study to assess habitat network functionality show that to estimate outcomes from FSC only in terms of the total area of set-asides severely overestimates how much habitat is actually functional. This is valid even if we assume that all set-asides eventually have the opportunity to become restored to older and old-growth forests in the long term. Additionally, when considering temporal dimensions of habitat network functionality, it should be noted that there are other sources of overestimation due to the uncertainty about the survival and fitness of species' individuals, populations and meta-populations over longer time periods. Extinction debt is a term that captures the time delay necessarily involved in the regional extinction of species following habitat loss and fragmentation (Hanski et al., 1996; Hanski, 2000) . For example, by studying temporal changes in occurrence of the focal lichen species Lobaria pulmonaria Öckinger and Nilsson (2010) demonstrated that the expected lifetime of ramets was about 40 years, i.e. much lower than the longevity of potential host trees. The probability of presence of fertile ramets increased significantly with local population size. In Finland, this kind of extinction debt of boreal forest species is estimated to the order of 1000 species (Hanski, 2000) .
This study also has some limitations. First of all, validating the modelling approach to the assessment of potential functional connectivity of forest landscapes in the areas requires field data obtained through direct observations of target species' movement, fitness and persistence in a given landscape. In practice, forest managers are generally not able to gather such data, which have to be collected as in a carefully designed experiment within an adaptive management framework. It is urgent to understand the potential of managed forests to maintain biodiversity with different levels of ambition, which requires both assessments of the functionality of set-asides and their cost-efficiency (Gustafsson, 2002) . Nevertheless, the assessment approach proposed in this paper could be used for rapid evaluation of structural and potential functional connectivity of set-aside forests in certified forest areas. This is needed for credibility and further progress of forest certification. The approach and technique proposed in this paper could be easily implemented by the FSC-certified forest companies as well as FSC-audit certification organisations. Secondly, we analysed structural and potential functional connectivity only of set-aside forests. We did, however, neither analyse the suitability of other forests and types of ecosystems (bogs, wetlands etc.) for virtual species, nor the permeability of the matrix surrounding the formally and voluntarily set aside forests. The reason it that we assumed that under continued intensive forest management, which is focusing on production of wood mainly for pulp industry and bioenergy, the forest outside of set-aside would be not suitable for species specialised on old-growth forests in the long term (e.g., Kuuluvainen, 2009 ).
To sum up, based on the results of our study, we conclude that FSC certification does contribute to biodiversity conservation, but the level and efficiency of this contribution depends on standard content, and how it is implemented on the ground. At the same time, the role of national legislation or policy for biodiversity conservation remains critically important. Consequently, to understand the effects of conservation efforts in managed forests, both informal and voluntary set-asides need to be considered.
Need for a diversity of biodiversity conservation tools
National forest certification standards are results of voluntary negotiations among stakeholders with different goals and power. The initial prerequisites for implementation of national FSC standards are thus contextdependent because countries and regions have different forest-industrial regimes (Lehtinen et al. 2004 ). Additionally, individual forest companies have own ambitions, abilities and professional knowledge for application of own standards that are higher then those of FSC.
Apart from different formal and voluntary policy statements, Sweden and Russia have different boreal forest histories (Angelstam et al., 1997) , which are likely to influence the potential of forest set-aside as a biodiversity conservation tool. In Sweden, a long history of sustained yield forest management has resulted in a biased representation of the protection of different ecosystem types (Angelstam and Andersson, 2001; Nilsson and Götmark, 1992) , as well as loss of compositional, structural and functional elements of biodiversity (Esseen et al., 1998; Nilsson et al., 2005) , and thus in the need for ecosystem restoration (Angelstam and Andersson, 2001; Angelstam et al., 2005) . In the Russian Federation, the situation is, so far, quite different. Due to a shorter history of industrial forest use in Russia remnants of naturally dynamic forests are more abundant than in Sweden (e.g., Yaroshenko et al. 2001 ). Russia's boreal forests in the eastern part of the European continent thus play an important role in forest biodiversity conservation on a global level, since the country hosts the last large intact areas of boreal forest ecosystems with natural range of variability in terms of their composition, structure and function (Aksenov et al., 2002; Yaroshenko et al., 2001; Shorohova and Tetioukhin, 2004) . At the same time, however, large regions of the Russian boreal forests are severely affected by an accelerated harvesting of wood during the last decades (e.g., Burnett et al., 2003; , and the intact forest landscapes are shrinking by 3% annually due to logging (Mayer et al. 2005 ).
However, the argument concerning the relatively small area of old-growth forest remnants in Sweden due to a long history of intensive forest use does not diminish the fact that on the national level in Sweden there is a high ambition to protect viable populations of naturally occurring species (Naturvårdverket and Skogsstyrelsen, 2005) . This means that the efforts to restore forest biodiversity in managed forest landscapes, should also be reflected by the indicators formulated in the national FSC standard. The minimum standard of 5% set-asides as required by the Swedish National FSC standard is obviously not enough to maintain or restore biodiversity with moderate and high level of ambitions in the boreal forest landscapes (e.g., Svancara et al. 2005; Angelstam et al., in press ).
In the context of biodiversity conservation it generally pays off to concentrate efforts on improving forest quality in certain areas, rather than to spread out the same effort evenly and thus thinly across the forest landscape (Hanski, 2000) . While in Russia there is only one forest owner (the state), Sweden's forest are owned by public owners, the state forest company, Sveaskog Co., and industrial and non-industrial private forest owners. It should also be noted that while the Russian case study area was a contiguous area of more than 800,000 ha, the Swedish forest management unit of 500,000 ha was made up by an archipelago of forestland holdings spread out over more than 4,000,000 ha, with inter-dispersed holdings of thousands of nonindustrial private forest owners, several other forest companies and patches of other publicly owned forestland (Figure 1 ). The spatial configuration of different land owners' holdings is usually very complex, which requires collaboration at the level of landscapes and even regions to affect the spatial configuration of patches. Therefore, to implement biodiversity conservation policies in Sweden, clearly, formal conservation efforts need to increase, conservation interaction among forest owners have to improve (Angelstam et al., in press) , and the Swedish FSC-standard be revised accordingly.
In Russia implementation the FSC standard in the Priluzje forest management unit was accompanied by the long-term education of forest managers about biodiversity issues and cooperation with the regional and national research organisations aimed at identifying and mapping the pristine forests and HCVFs. This was conducted in the frame of Komi Model Forest's activities (Elbakidze et al., 2010) . However, it is doubtful if the quality of FSC implementation in an "ordinary" forest management unit would be the same as in Priluzje, taking into account the complexity of the Russian standard which requires special deep professional knowledge.
To conclude, a diversity of tools is needed to improve or implement evidence-based requirements related to biodiversity conservation in managed forests. The role of national FSC standards is positive, but need to be integrated with other tools, such as formal forest protection. In addition the role of green tree retention on harvested areas need to be understood. Collaboration between different stakeholders, education and monitoring of the implementation progress is therefore crucial. Foreground pixels surrounded on all sides by foreground pixels and greater than the specified edge width distance from the background.
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